Abstract-In the paper, a concept and design of a compact MIMO antenna is presented. In our approach, an improved space filling is obtained by constraining an individual antenna layout and optimizing it for minimum size. The MIMO design is constructed by composing the two of previously designed structures. Because the design problem is heavily constrained both in terms of geometry and electrical performance objectives, surrogate-based optimization techniques are used to accomplish the design process in reasonable timeframe. The final MIMO design features a small size of only 565 mm 2 and exhibits good isolation in the entire UWB band.
INTRODUCTION
Design of compact ultra-wideband (UWB) antennas for space-limited [1] and wearable applications [2] is an important topic of research in antenna engineering. From the UWB system standpoint, appropriate design of the antenna structure can lead to considerable complexity reduction of the RF frontend. One of the important challenges of UWB antenna design is prevention of multipath fading of the signals. This problem can be addressed by means of multiple-inputmultiple-output (MIMO) technology where a single antenna is replaced by a suitable multi-radiator design which may prevent fading by appropriate post processing of the signals [3] .
Despite of the advantages of the MIMO structures, their utilization for space-limited applications is problematic: allocation of radiators in close proximity of each other leads to the increased mutual couplings and, consequently, degradation of the antenna performance in terms of isolation. Nevertheless, several implementations of small MIMO antennas have been reported in literature. The most common realizations are based on orthogonally allocated antennas with the common ground plane and additional modifications to increase isolation between the components [4] . However, the structures with parallel radiators have been also reported [5] . Alternative approaches to achieve compact design include utilization of multi-fed radiator [6] , stripline-fed designs in back-to-back configuration [7] , as well as protruded ground plane realizations [3] . External dimensions of aforementioned designs vary from 48 mm × 48 mm [8] to even 29 mm × 27 mm [3] .
A practical design issue is that compact MIMO antennas are characterized by complex multi-parameter geometries so that their reliable evaluation can only be obtained by means of highfidelity EM simulations [3] , [4] . At the same time, utilization of conventional experience-driven strategies for manual adjustment of geometry parameters (parameter sweeps, typically one parameter at a time) is hindered due to complex relations between the antenna dimensions and responses. Truly optimum designs can only be obtained using rigorous numerical optimization. Unfortunately, conventional optimization methods are computationally expensive. For example, gradientbased optimization with numerical derivatives takes up to a few hundred of EM analyses to converge even if the number of adjustable parameters is smaller than ten [10] .
The state of the art analysis indicates that considerable reduction of the simulation-driven design effort can be obtained either through gradient search with adjoint sensitivities [11] , [12] , or by employing fast surrogate models [13] , [14] . The first option is conceptually simpler and with strong theoretical foundations, although commercial availability of adjoint technology in EM solvers is still very limited. Surrogate-based optimization (SBO) [13] , [14] seems to be more versatile although more difficult in implementation and automation [15] . Popular SBO methods applied for antenna design include several types of space mapping [14] , [16] also in combination with response surface approximation models [17] , as well as various response correction techniques (SPRP [18] , manifold mapping [19] ), and, recently, feature-based optimization [20] .
In this work, we propose a new concept of compact MIMO antenna and describe its efficient design optimization procedure. The concept is based on more efficient utilization of available space by constraining an individual antenna layout with further composition of such antennas into a MIMO structure. The design process is carried out in two stages. At the first stage, UWB operation of single radiator is obtained. Expedited design of the antenna is achieved by exploiting surrogate-assisted design techniques. The optimization process aims at reduction of the antenna size while maintaining its acceptable electrical performance, which is controlled using a penalty function approach. At the second stage, the optimized antenna is utilized to construct a MIMO structure. The final adjustment aimed at ensuring desired levels of isolation between radiators is controlled using a separate set of parameters. The footprint of the final design is only 565 mm 2 and the antenna outperforms comparable structures reported in the literature in terms of the size, while ensuring competitive isolation characteristics.
II. PROPOSED MIMO ANTENNA STRUCTURE
Consider a UWB monopole antenna shown in Fig. 1 . The structure is based on a design of [4] and it consists of a rectangular-shape radiator fed through a microstrip line and a modified ground plane with a rectangle slot and stub. Both are introduced to enhance antenna electrical performance, while ensuring small dimensions. The structure is described by eleven parameters
The parameter o 2 = 0.5·a 2 , whereas w 0 = 1.7 remains fixed in order to ensure 50 Ω input impedance. The structure is implemented on a Taconic RF-35 substrate (ε r = 3.5, tanδ = 0.0018, h = 0.762 mm). The high-fidelity model R f of the antenna is implemented in CST Microwave Studio and evaluated using its time domain solver [21] . The design is electrically small and the EM model is supplemented with the SMA connector to ensure reliable simulation results (see Fig. 1(b) ). The model consists of ~6,000,000 hexahedral mesh cells and its average simulation time on a dual Xeon E5540 machine with 6 GB RAM is 55 min. In the design process, we also utilize an auxiliary coarse-discretization model R c which contains ~100,000 cells; its simulation time is 60 s.
The antenna of Fig. 1 can be arranged in multi-radiator configuration to construct fairly compact MIMO antenna [4] . Unfortunately, ensuring acceptable isolation between radiators utilized in geometrically restricted MIMO structures is often achieved at a cost of complex and multi-parameter geometries. Therefore, their simulation-driven design using numerical optimization is difficult and computationally expensive.
These challenges can be addressed by a two-stage design procedure as follows: 1. Design of a radiator and optimization of its geometrical parameters x a to ensure compact dimensions and acceptable electrical performance within a UWB band; 2. Construction of a MIMO antenna using two orthogonally allocated radiators interconnected through a common ground plane; adjustment of the MIMO-related parameters x b to obtain desired isolation between the radiators. This decomposition of the design process is possible because interconnection between the radiators has minor influence on their reflection properties. At the same time, separating the radiator and the MIMO antenna parameters reduces complexity of the problem optimization problem.
The MIMO structure composed of two orthogonally allocated antennas (see Fig. 1 ) is illustrated in Fig. 2 
III. SURROGATE-ASSISTED ANTENNA DESIGN
The design process aims at optimizing the high-fidelity antenna model R f with respect to the two objectives listed in the previous section. It is formulated as
where U is scalar merit function, whereas x * is the optimum design to be found. Size reduction is selected to be the primary goal, whereas acceptable electrical performance of the antenna will be enforced by means of a penalty function approach. Thus, the function U is defined as
where S(x) denotes the antenna footprint, β is a penalty factor (here, β = 1000), and c is a penalty function defined as c(R f (x)) = max{(max{|S 11 | 3.1GHz to 10.6 GHz }+S max )/S max , 0} (3) The penalty term gives a non-zero contribution to (2) if the maximum (worst-case) of in-band reflection is above S max .
Due to high cost of evaluating the high-fidelity model, direct solving of (1) is impractical. Here, to facilitate the design we use a surrogate-based optimization (SBO) process that generates a series x (i) , i = 0, 1, …, of approximate solution to (1) as follows ( 1) ( ) arg min (
R s (i) is a surrogate model at iteration i. The surrogate is obtained by suitable correction (here, output space mapping [14] ) of a local response surface approximation (RSA) model [13] constructed in the vicinity of the current design x (i) . The latter is a second-order polynomial model (without mixed terms) generated using 2n + 1 R c samples (n being the number of adjustable parameters) allocated using star-distribution scheme [14] . The low-fidelity model setup is briefly described in Section II, whereas more detailed discussion on the local RSA models can be found in [13] , [14] . T has been obtained after only seven iterations of (4). The reflection characteristics of the initial and the final design are compared in Fig. 2 . The optimized structure features fairly compact dimensions of 11.5 mm × 19.7 mm and overall footprint of 227 mm 2 . It should be noted that optimized design fulfills the imposed electrical specification (|S 11 | ≤ -12 dB in 3.1 GHz to 10.6 GHz). This gives sufficient margin in case of degrading antenna reflection upon assembling the MIMO antenna and adjustment of the MIMO parameters x b . The overall optimization cost of the radiator corresponds to about 11 R f model simulations.
In the next stage, the MIMO antenna has been constructed using two orthogonally allocated radiators, both parameterized using x a . The response characteristics of MIMO for x b = [9 0.5] T are shown in Fig. 3 . The obtained design is characterized by dimensions of 28.7 mm × 19.7 mm and footprint of only 565 mm 2 . It should be emphasized that computational cost of R f * model evaluation is significant, and thus the influence of x b on behavior of the structure has been determined through parametric studies. The results shown in Fig. 4 indicate that influence of w c on isolation between the radiators is limited, whereas the increase of l c noticeably improves isolation at the lower frequency range.
The reduced isolation of the MIMO antenna for lower frequencies can be explained using the surface current distributions shown in Fig. 5 . It can be observed that for both radiators, the current density on the ground plane stubs is high at 3.1 GHz (see Fig. 5(a)-(b) ), which implies that they are of high importance for low-frequency operation of both radiators. However, the role of stubs is also to work as parasitic elements that reduce radiator coupling [4] . For higher frequencies (e.g., 6 GHz and 9 GHz as illustrated in Figs. 5(c)-(f) ) the proposed MIMO configuration ensures very good isolation.
The discussed design has been compared with other stateof-the-art MIMO antennas [3] , [4] , [9] in terms of the occupied area and in-band isolation. To account for the differences between the substrate parameters of the compared antennas, their dimensions have been expressed in terms of guided wavelength λ g (defined for the 50 Ohm line operating at 6.85 GHz center frequency). The results collected in Table I indicate that the proposed antenna outperforms other designs in terms of the size, while ensuring competitive isolation. Fig. 1(c) ), respectively, whereas isolation is marked with a dotted line. 
V. CONCLUSION
A structure and design optimization of a compact UWB MIMO antenna has been discussed. The proposed approach exploits decomposition of the problem into two separate stages, i.e., design of a single radiator and its incorporation into the MIMO structure. At each stage of the process, separate sets of parameters are utilized, so that the final adjustment of the MIMO antenna geometry can be carried out using only two parameters. Variable-fidelity EM antenna models are utilized to expedite the process of geometry parameter optimization. Our approach is demonstrated using a compact MIMO structure consisting of two UWB monopole antennas. The obtained structure features footprint of only 565 mm 2 . The design outperforms the competitive MIMO structures in terms of the size and exhibits very good electrical performance. Our further work will be focused on application of the introduced methodology to design of other MIMO structures with the focus on improving isolation between radiators as well as increasing their number.
